Tracer distribution as an index of nutritional support across the thoracic and abdominal aortas in rabbits in the presence or absence of atherosclerotic lesions was evaluated using ['4C]antipyrine, a metabolically inert, diffusible indicator. Intimal plaques were produced by endothelial balloon denudation of the thoracic aorta and a 1% cholesterol diet. After a steady intravenous infusion of 200 ,uCi of [14C]antipyrine for 60 seconds, thoracic and abdominal aortas and the heart were excised, and autoradiograms of 20-pum-thick sections were quantified, using microcomputer-aided densitometry. Regional radioactivity and regional diffusional support, as an index of nutritional flow estimated from the timed collections of arterial blood, was 367 and 421 nCig-1 (82 and 106 ml-minf1'100 g-') in thoracic aortic media of the normal and atherosclerotic rabbits, respectively. Radioactivity at the thickened intima was 179 nCig-1 (p<0.01 versus media). The gruel was noted at a deeper site within the thickened intima, and diffusional support here was 110 nCig-1 (p<0.01 versus an average radioactivity at the thickened intima). After ligating the intercostal arteries, regional tracer distribution in the media beneath the fibrofatty lesion, but not the plaque-free intima, was reduced to 46%. Thus, in the presence of advanced intimal thickening, the heterogeneous distribution of diffusional flow is prominent across the vessel wall, and abluminal routes are crucial to meet the increased demands of nutritional requirements.
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A clear delineation of regional blood flow in organs is essential to explain the interplay between tissue perfusion and tissue function, under physiological and pathological conditions.1 Blood vessels play a crucial role in regulating perfusion to organs. In the elastic and muscular arteries, the intima and media are the principal sites in the evolution of atherosclerosis and related disorders such as ischemic heart disease, cerebrovascular accident, aortic dissection, and hypertension. However, the relation between nutritional supply and structural integrity of the blood vessel has not been extensively studied. It has been speculated that blood compo-nents, including oxygen and nutrients, are distributed throughout the vessel wall from both the luminal surface and adventitial vessels. 2 The tracer microsphere technique has become standard for measuring the extent of regional blood flow in various organs. [3] [4] [5] Since the microspheres quantitatively trace the corpuscular blood flow, the flow level derived from the microsphere technique in the vessel wall represents a flow contributed by the vasa vasorum but not by the total nutritional blood flow. 6 The heterogeneous blood supply may well be an important aspect concerning the pathophysiology related to the functional state of the vessel that has been rendered atherosclerotic. This speculation suggested to us that a graphic assessment of total nutritional supply by diffusion across the vessel wall, in pathological and physiological states, had to be made. Accordingly, the goal of the present study was to quantify regional tracer distribution, as an index of nutritional flow across the vascular wall, and to elucidate the mechanism of heterogeneous diffusional tracer distribution, particularly in the atherosclerotic vessels.
Materials and Methods

Experimental Material
Twenty-eight 10-week-old New Zealand White rabbits, weighing 1.9-2.3 kg, were randomly assigned to two groups: the normal group consisted of 14 rabbits that were fed a commercial diet without cholesterol (CR-2, Clea Japan Co., Tokyo, Japan), and the atherosclerotic group consisted of 14 rabbits whose endothelium of the thoracic aorta was denuded regionally with a 4F Fogarty balloon catheter (Edwards Laboratory, Santa Ana, Calif.). The atherosclerotic group was fed a diet with 1% cholesterol added, for 12-18 weeks (mean, 15.3±0.5 weeks). At the time of diffusional tracer measurements, ages of the normal and atherosclerotic rabbits were 23.7±1.4 and 25.3+±0.5 weeks, respectively. Serum total cholesterol was determined using an enzymatic method. 7 The study conformed to the guiding principles of the American Physiological Society for the care and use of animals.
Experimental Protocol
Rabbits were anesthetized with sodium pentobarbital (30 mg kg-1 i.v.) and were kept warm on a heating pad connected to a thermostated circulating water bath (370 C). Polyethylene catheters were placed in the right atrium for the administration of the radioactive tracers and in the lower abdominal aorta for monitoring systemic blood pressure or blood sampling. Heparin (500 units.kg-1) was given intravenously. Blood gases were maintained in the physiological state. Electrocardiogram and aortic pressure were monitored continuously.
[14C]Antipyrine ([N-methyl-14C]antipyrine; specific activity, 59.0 mCi mmol'l; molecular weight, 188.2; New England Nuclear, Boston, Mass.) and iodo['4C] antipyrine (4-iodo[N-methyl-'4C]antipyrine; specific activity, 56.1 mCimmol-h; molecular weight, 314.1; New England Nuclear)8 were used as diffusible tracers in 26 and two rabbits, respectively. In four normal and four atherosclerotic rabbits, tracheotomy was performed, and the rabbit was ventilated artificially with room air supplemented with oxygen, using a small animal respirator. To determine the role of intercostal arteries in nourishing the vessel wall,9 thoracotomy was performed, and three to five contiguous pairs of intercostal arteries were ligated at their proximal sites. In four of 14 normal rabbits, the endothelium of the thoracic aorta was denuded regionally (2 cm) by a 4F Fogarty balloon catheter (Edwards Laboratory). Evans blue (2%) was infused intravenously to verify the site of the denuded area. Thirty minutes after balloon denudation of the endothelium, [14C]antipyrine was infused, as described below.
Two hundred gCi of [14C]antipyrine or iodo[A4C]
antipyrine dissolved in physiological salt solution was infused into the right atrium at a constant rate for 60 seconds while arterial blood was sampled from the free-flowing arterial catheter directly onto the filter paper disks. Infusion of [14C]antipyrine and exsanguination did not alter arterial pressure or findings on the electrocardiogram. At the end of infusion, the circulation was arrested by a lethal dose of sodium pentobarbital. One minute was chosen for the measurement of regional blood flow because antipyrine is of the 14 atherosclerotic rabbits were kept alive under steady-state conditions for 2 hours after the infusion of [14Clantipyrine to determine the distribution of tracers. The heart and the aorta were then immediately excised, coated with a plastic embedding medium (Tissue-Tek O.C.T. Compound, Miles Scientific, Naperville, Ill.), and frozen in a hexane-dry ice bath (-70°C). The samples were kept at -30°C until sectioning. The thoracic aorta was sampled from the segments between the intercostal arteries, and the sections including branches were discarded. Preparation ofAutoradiograms and Measurement of Arterial`4C Concentration Serial sections (20 ,m thick) were made at -20°C using a cryomicrotome (model LKB 2550, PMV Co., Stockholm, Sweden). The speed of the moving microtome knife and the temperature of the cryostat were carefully controlled to obtain constant and homogeneous thickness of sections. They were picked up on adhesive tapes (Scotch No. 800, 3M, St. Paul, Minn.) and dried overnight in a freezer.1112 Tissue sections and the standard disks of ['4C]methyl methacrylate (Amersham, Buckinghamshire, England) for the calibration of radioactivities in 14C autoradiograms were tightly apposed to x-ray film (Fuji RXOG, Fuji Film Co., Tokyo, Japan) in an x-ray cassette. X-ray films were exposed for 6 weeks at an ambient temperature of 50 C. The films were developed, fixed, and rinsed using the standard techniques.
The filter paper disks were reweighed after collection of arterial blood to obtain the net weight of blood sample. The volume of blood sample was obtained by dividing the weight by the specific gravity of blood (1.05 g.ml-'). The filter paper disks with`4C were oxidized in a combustion chamber (model ASC 112, Aloka Co. Ltd., Tokyo, Japan), and 14C was trapped in the scintillator (Oxiprep-2, New England Nuclear). The radioactivity was measured with a liquid scintillation counter (model LSC 704, Aloka Co. Ltd.). Arterial 14C concentration in each blood sample was then calculated from the amount of radioactivity and its volume.
Quantification ofAutoradiograms
Autoradiograms and respective histological sections were magnified by 12.5 on a light microscope (Microphoto-S, Nikon Inc., Tokyo, Japan). A television camera (model C-2400-7, Hamamatsu Photonics, Hamamatsu, Japan) was used for image acquisition directly from a light microscope. Each analog image was digitized with a spatial resolution of 512x480 picture elements (pixels) and 256 gray levels (8 bits per pixel) and was stored using an image array processor (nexus 6400, Kashiwagi Research Inc., Tokyo, Japan). This system was calibrated to achieve a gray level of 255 in 100% field luminescence and a level of 0 in 0% field luminescence when starting the measurements. In the present system, each pixel corresponded to a spot 12.5x12.5 1£m2. Digitized images were displayed on a 14-in. color equilibrated in the circulation within that time. 10 Two monitor and were processed on microcomputer (16bit central processing unit and coprocessor for speeding arithmetic operations; model PC-9801VM2, NEC Co., Tokyo, Japan).
Tissue sections were left unstained so as not to distort the geometrical characteristics of the specimens. Topographical identification of the autoradiograms was performed by superimposing the autoradiographic images onto the histological findings, as described below. First, structural boundaries such as vascular lumen, internal elastic lamina, and external elastic lamina detected on histological images were traced with a digitizing pen and were stored in the memory. Then, the autoradiogram of the same sample was displayed on the monitor and was superimposed visually onto the histological boundaries reproduced from the memory. After this topological determination, an analog image of autoradiograms on both tissue specimen and the standard disks was acquired by averaging 256 images of the same specimen to improve the signal-to-noise ratio. 13 Optical densities of autoradiograms on the standard disks were measured in a 150x50 gM2 area, and the relation between optical density and the contents (activities) of radioactive tracers was plotted on the graph as a standard calibration curve (Figure 1 ). Tissue concentrations of radioactive tracers in the 150x50 gm' region (circumferential direction times transmural direction) were estimated from the optical densities and the standard calibration curve. Radioactivities were measured at 46 areas in 24 thoracic aortic sections and at 31 areas in 17 abdominal aortic sections obtained from six normal rabbits and at 94 areas in 38 sections of thoracic aorta and at 36 areas in 20 sections of abdominal aorta of six atherosclerotic rabbits. An average value of regional radioactivities was derived from all sections measured in the thoracic and abdominal aortas in each rabbit. These representative values at the thoracic and abdominal aortas in each rabbit were used to calculate mean±+SEM.
When the thickness of the media was less than 150 ,am, inner and outer areas 50 gm thick were sampled from the tunica media. When the thickness of the media was more than 150 gm, optical densities of inner, middle, and outer areas 50 gm thick were measured. These areas were determined on the monitor using a mouse. In the thickened intima, the gray level was measured at 2 or 3 sites in one section because the thickness of the intima was variable across the vessel. On the area of gruel inside the plaque, the gray level was measured at the center of the region. The gray level on the myocardium was measured at the inner third region of the left ventricular free wall.
After ligation of the intercostal arteries, the dorsal or ventral side was identified in the aortic sections by the position of a thread with which the intercostal arteries were ligated. On the dorsal and ventral halves, the gray level was measured at the thickened intima and the middle layer of the tunica media. Calculation of Regional Flow Rate From Tissue`4C Radioactivity Regional blood flow was calculated according to Kety's equation'4:
where Ca is the integrated concentration of [14C]antipyrine in the arterial blood, Ci(T) is the tissue content of ['4C]antipyrine at time T (T=60 seconds) determined from the gray level in 14C autoradiograms, Ai is the tissue-blood partition coefficient for antipyrine, which is assumed to be 1.00,15 t is time after the beginning of [14C]antipyrine infusion, and Ki .v 0 100 14C Radioactivity (nCi/g) FIGURE 2 . Histological sections (top) and respective autoradiograms (bottom) of the thoracic aorta in normal (panels A and B) and atherosclerotic (panels C and D) rabbits. By comparing autoradiograms with the unstained tissue section of the same block, the anatomic correspondence was determined. The thickened intima (I) is clearly evident in the atherosclerotic aorta. Note that 14C radioactivity is higher in the media (M) than in the intima or adventitia. L, vascular lumen. Scale bar, 500 gi.
represents the flow rate per unit weight of tissue, which is expressed as mlbmin .100 g 1 in the present study. Assuming Ca to be constant, the equation becomes as follows:
When a stable state of hemodynamics is maintained and the arterial concentration of antipyrine is known, the tissue content of antipyrine relates to the level of diffusional flow. Thus, in the vascular wall, the flow index derived from ['4C]antipyrine includes not only blood flow through the vasa vasorum but also flow mainly diffused from luminal and abluminal sides.
Statistical Analyses
All values were expressed as mean+SEM. Data were evaluated using Student's t test; analysis of variance was used when multiple comparisons were made. Statistical significance was set at p<0.05.
Results
Baseline Data
Baseline data for the 14 normal and 14 atherosclerotic rabbits were as follows: body weight was 2.7±0.1 and 2.7+0.1 kg, respectively; serum total cholesterol was 52+5 and 1,309±143 mg.dl-1, respectively (25-fold difference after feeding a diet including 1% cholesterol for 15.3 + 0.5 weeks; p < 0.01 versus normal rabbits); mean arterial pressure was 91+3 and 91±3 mm Hg, respectively; and heart rate was 238+9 and 237±6 beats/min, respectively. These values were not significantly different between groups, with the exception of serum total cholesterol. Yellowish plaques were macroscopically noted in the previously denuded luminal surface in all atherosclerotic, but not normal, rabbits. Histological examination revealed that plaques were mostly the fibrofatty type. Severely thickened intima accompanied the fibrous cap, a large number of foam cells, and gruel. Foam cells were distributed throughout the thickened intima, but the gruel was noted at the deeper site of the thickened intima or just above the internal elastic laminas. Medial thickness in the thoracic and abdominal aortas of normal rabbits (n=6) was 171±+-8 and 149±3 gim, respectively. In the atherosclerotic rabbits (n=6), medial thickness was 190±9 and 160±7 gm in the thoracic and abdominal aortas, respectively. The medial thickness around the thickened intima tended to be thicker than that in the plaque-free region; however, the thickness of the media around the site with a severely thickened intima was somewhat thinner, as shown in Figure 2 .
Diffusional Support to Aortic Media in Normal and
Atherosclerotic Rabbits
In the normal rabbits, [14C]antipyrine was distributed homogeneously across the aortic wall (Figures  2A and 2B ). Mean 14C radioactivity across the entire media in six rabbits was 367±28 and 294+36 nCi.g1 In the atherosclerotic rabbits, 14C activity at the entire media was 421+17 and 401±25 nCi.g-1 in the thoracic and abdominal aortas, respectively, that is, equivalent to the flow values of 106±3 and 98±4 mlkmin-.100 g`. These values of 14C radioactivity were 15+±5% and 36+8% over those of thoracic and abdominal aortas in normal rabbits, respectively.
Diffusion to the media was not disturbed by the presence of a thickened intima, even with a thickness of over 500 gm (Figures 2C and 2D) . When [14C]antipyrine was infused for 2 hours to determine the partition coefficients among different histological structures, homogeneous distribution was noted across the atherosclerotic vessel wall. This finding supports the rationality of diffusion measurements using [14Cjantipyrine.
Transmural Distribution of Diffusional Support Across the Atherosclerotic Aorta
Autoradiograms of [14C]antipyrine in the atherosclerotic aorta facilitated the analysis of transmural distribution of diffusion, as shown in Figure 3 . The intima was markedly thickened ( Figure 2C) ; the thickness varied from 100 to 1,000 gm (389+ 17 gm, n=94 lesions in six rabbits). A sharp decline in the`C radioactivity across the internal elastic lamina was noted in the thickened intima ( Figure 2D ). Mean activity in the thickened intima was 179±11 nCig-1 (n=6 rabbits), which was significantly (p<0.01) reduced compared with the media. The atheromatous region, usually located at a distance of more than 200 gm from the luminal surface, was found in nine specimens out of 94 intimal proliferative lesions, in which`C activity was significantly reduced (b in Figure 3A ) to 110±7 nCi.g-1 (p<0.01 versus intima), 65±+4% of the average intimal activity (170±13 nCiPg-1). The degree of intimal thickness did not apparently influence 14C activity in the media. There was no difference in the amount or distribution of medial supply between the eccentric and concentric types of the thickened intima. Diffusion in the atherosclerotic media distributed heterogeneously, as shown in Figure 3B . Heterogeneous distribution of 14C radioactivity across the internal elastic lamina was also confirmed in cases when a more lipid-soluble diffusible indicator, iodo[14C]antipyrine, was used.
Myocardial blood flow in the free wall of the left ventricle was 288±12 and 382±8 ml.min' .100 g( p<0.01) in normal (n=6) and atherosclerotic (n=6) rabbits, respectively. Transmural distribution of blood flow across the left ventricular wall was homogeneous in both groups.
Effects of Intercostal Ligation on Distribution of Diffusional Tracers in Normal and
Atherosclerotic Aortas
When the intercostal arteries in the normal rabbits had been ligated, 14C radioactivity to the media remained unchanged (Figures 4A and 4B ). In the atherosclerotic rabbits, ligation of the intercostal arteries led to a marked reduction of diffusion toward the dorsal media ( Figures 4C and 4D ) from 361±49 nCig-1 (83±8 mlbmin-'100 g 1) to 166+6 nCig-' (30±1 mlFmin-1100 g-') (n=4 rabbits,p<0.01) (Figure 5 ). Radioactivity (diffusional flow level) in the ventral media decreased from 414±42 nCiPg-1 (104±7 mlmin'l100 g~') to 357±45 nCiPg-' (81+7 mlbmin-1.100 g~') (n=4 rabbits), but the degree of reduction was not statistically significant. Reduction in diffusion after ligation of intercostal arteries was noted in all three (inner, middle, and outer) layers of the media. Diffusion to the intima was not altered after intercostal ligation on either the dorsal or ventral side ( Figure 5 ), except in the deeper areas of the thickened intima, an area where regional tracer content occasionally decreased, as shown in Figure 4D . 
Effects ofAcute Endothelial Balloon Denudation on
Diffusion Across the Aorta Although diffusion to the entire media did not differ between denuded (356+10 nCig`1; n=4 rabbits) and nondenuded (325±23 nCiPg`; n=4 rabbits) aortas, heterogeneous distribution of blood flow across the media became evident after balloon denudation of the endothelium. Diffusion to the inner media was significantly (pc0.05) larger in the denuded (368±17 nCi'g-1) than in the nondenuded (303±+16 nCi'g-1)
Normal Aorta media. The ratio of radioactivities of inner to outer media significantly increased from 0.95±+ 0.05 to 1.15 ±0.04 (p <0.05) after this mechanical denudation. OL when estimated as nutritional support, and was further decreased at the areas of atheromatous lesions. Ligation of intercostal arteries did not affect the medial diffusional supply in the normal rabbits, whereas that in the atherosclerotic rabbits was reduced by 64% at the dorsal side of the vessel.
Discussion
Quantitative Evaluation of Tracer Distribution Across the Arterial Wall
The microsphere technique reveals mainly a component of corpuscular flow conveyed through the vasa vasorum. Diffusible indicators can trace not only the corpuscular flow but also the diffusional flow. 16 Transport of certain molecules from the circulation to the arterial wall has been extensively studied using labeled albumin, globulin, low density lipoprotein, and cholesterol.17-2' These studies clearly demonstrated that these macromolecules (molecular weight, 60,000-2,300,000) can transfer to the avascular area of the rabbit aortic wall from both luminal and adventitial sites. To elucidate the regional nutritional supply toward avascular areas, such as the thickened intima in atherosclerotic animals or the media with less than 29 lamellar units,2 we chose ['4C]antipyrine as a tracer because it is freely diffusible and metabolically inert.'4 '15 It has been reported that antipyrine distributes freely in almost every tissue, including brain and adipose tissues.14,15 However, Sakurada and colleagues8 found that antipyrine is not as soluble in lipids. Lipid deposition in the atheromatous plaque may result in underestimation of the diffusional supply, due to a plausible difference in partition coefficient of antipyrine between intima and media. In the present study, iodo['4C]antipyrine, a more lipid-soluble tracer,8 was used to determine the level of radioactivity across the atherosclerotic vessel. We reconfirmed a sharp decline of radioactivity across the internal elastic laminas, similar to that demonstrated with [14C]antipyrine. In addition, in cases examined under steady-state conditions obtained after a 2-hour infusion of [14C]antipyrine, the radioactivity was homogeneous across the atherosclerotic aorta. These lines of evidence indicate that the reduction of radioactivity we observed deep in the thickened intima is produced primarily by a low delivery of diffusible indicator and not by a low lipid solubility or by a different partition coefficient of antipyrine.
Distribution of Diffusional Tracers in Normal and
Atherosclerotic Aortas
Nutritional supply by diffusion to the media of thoracic and abdominal aortas in atherosclerotic rabbits was larger than those in normal rabbits by 29% and 63%, respectively. This finding coincides well with the data on oxygen consumption and glucose utilization of aortic media in normal and atherosclerotic rabbits.22,23 Increases in blood flow to the media measured by tracer microspheres were also noted in the aorta and in the coronary artery of atherosclerotic monkeys.24.25 In addition, a tracer microsphere study revealed preferential flow distribution toward the outer media, especially in atherosclerotic monkeys, a finding that may suggest a heterogeneous distribution of the medial vasa vasorum in monkeys.24 Such heterogeneous flow distribution was not observed in the present study, since the thickness of monkey aorta is about four times that of rabbit aorta. 26 It was also documented that diffusional support to the outer media was increased in monkeys fed the atherogenic diet for 4 years. 16 Marked difference in diffusion between the thickened intima and the media suggests 1) the difference in oxygen consumption between the intima and media, because cell number in media is apparently larger than that in the intimal lesions, 2) the presence of several sources of blood supply to the arterial wall, and 3) the presence of a diffusional barrier across the internal elastic lamina. Reduced oxygen consumption was noted at the area of gruel in the intimal proliferative lesion, that is, a location where the diffusional support was the lowest level within the vascular wall. Because the atheromatous gruel was found to be preferentially located in the deepest region of the thickened intima, the diffusion from the vascular lumen may hardly reach that area due to the presence of fibrous tissue, foam cells, and smooth muscle cells and due to the distance from the lumen. Diffusion to the media was not modified by the presence of intimal thickening. Accordingly, diffusional supply to the thickened intima may be largely derived by diffusion from the luminal side.
Routes of Diffusional Supply to the Aortic Wall
Ligation of the intercostal arteries produces medial necrosis in dogs.9 Thus, intercostal arteries are considered to be a major source of supply to the canine aortic media via the vasa vasorum. However, other morphological studies demonstrated no medial vasa in the rabbit aorta.2 '27 In the present study, the relative importance of abluminal sources for blood supply to the thoracic aorta was examined by ligation of the intercostal arteries in normal and atherosclerotic rabbits.
In the normal media, intercostal ligation did not alter distribution of ['4C]antipyrine across the vessel wall. This result differs from previous data on the dog aorta, using microspheres28 or a diffusible indicator. 29 Such difference in flow distribution may partly be explained by the medial thickness expressed as lamellar units in the rabbit (20 units) and dog (50 units). 2 Our results also suggest that diffusion in the media of normal rabbits is well maintained, even during the ligation of intercostal arteries. In the presence of an intimal thickening, we noted that intercostal ligation produced a marked reduction in diffusion toward the media but little to the intima. Several mechanisms may be operative in this deleterious distribution of diffusion. First, intimal proliferation may interfere with the diffusion to the media from the luminal side. Second, in the presence of a thickened intima, abluminal support becomes more crucial for the media. 26 Since the ligation of intercostal arteries did not fully curtail the supply to the entire media, the routes of abluminal support may be multiple, and there may be differences between the ventral and dorsal sides of the aortic media.
In summary, the computer-assisted image analyses of autoradiograms with reference to histological findings facilitated a topological determination of diffusional tracer distributions at the microscopic level across the aortic wall of normal and atherosclerotic rabbits. The present findings suggest that increased demands for nutrition at the media beneath the plaque lesion in hypercholesterolemic rabbits stimulate vascularization and/or diffusional capacity from abluminal routes.
